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Edited by Peter BrzezinskiAbstract Small ligands and their receptors are widely used non-
covalent couplers in various biotech applications. One prominent
example, the digoxigenin–antibody complex, was often used to
immobilize samples for single molecule force measurements by
optical trap or AFM. Here, we employed dynamic AFM spec-
troscopy to demonstrate that a single digoxigenin–antibody bond
is likely to fail even under moderate loading rates. This eﬀect
potentially could lower the yield of measurements or even ob-
scure the unbinding data of the sample by the rupture events of
the coupler. Immobilization by multiple antibody–antigen bonds,
therefore, is highly recommended. The analysis of our data re-
vealed a pronounced loading rate dependence of the rupture
force, which we analyzed based on the well-established Bell–
Evans-model with two subsequent unbinding barriers. We could
show that the ﬁrst barrier has a width of Dx1 = 1.15 nm and a
spontaneous rate of koﬀ1 = 0.015 s
1 and the second has a width
of Dx2 = 0.35 nm and a spontaneous rate of koﬀ2 = 4.56 s
1. In
the crossover region between the two regimes, we found a
marked discrepancy between the predicted bond rupture proba-
bility density and the measured rupture force histograms, which
we discuss as non-Markovian contribution to the unbinding pro-
cess.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: AFM; Force spectroscopy; Digoxigenin; Antibody;
Loading rate; PEG; Nanostructure; Epoxy silane1. Introduction
Aﬃnity conjugation by means of small ligands and protein
receptors has found widespread application for in vitro diag-
nostics thereby substituting radioactive labeling [1]. Prominent
examples like avidin/biotin and digoxigenin–antibody/digoxi-
genin complexes [1,2] are stable enough to resist dissociation
by thermal ﬂuctuations in conventional assays like ELISA.
However in biophysical experiments which involve force load-
ing or even forced unbinding of receptor ligand bonds the nat-
ural oﬀ-rate (koﬀ) is reduced substantially by application of the
pulling force. This has ﬁrst been demonstrated for the forced
unbinding of streptavidin/biotin with AFM force spectroscopy
[3–7]. These experiments have also proved that low natural oﬀ-
rates correlate with high unbinding forces [8].
There are many examples, where aﬃnity conjugation was
used to investigate the binding properties of receptor–ligand*Corresponding author. Fax: +49 89 2180 2050.
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doi:10.1016/j.febslet.2005.12.052interactions under an applied external force. In one example,
it has been exploited for unbinding experiments of double
stranded DNA with the optical trap [9]. The DNA-strand
was immobilized to a surface bound anti-digoxigenin antibody
via a digoxigenin-label [10–18].
In another example, a diﬀerential force assay, biotin has
been used to immobilize DNA-duplexes to a streptavidin
coated silicone stamp. This method is based on the direct
comparison of two DNA-duplexes: potential rupture sites
assembled in series. Upon application of an external force,
one of the duplexes under investigation will break, but not
so in the case of the biotin/streptavidin bond, which resists
separation up to a higher force regime than the DNA-duplex
[19,20].
Due to the lowering of the natural oﬀ-rate under force, it is
probable that aﬃnity conjugation systems, which are stable in
conventional assays, may fail in experiments under force load.
This could lead to low yield measurements or more seriously to
artifacts, when rupture events of the coupler complexes instead
of the sample are traced in receptor/ligand studies. Hence, the
aﬃnity conjugation pair has to be chosen carefully depending
on the loading rates realized in the experiment.
In this study, we have investigated the rupture probability of
the digoxigenin/anti-digoxigenin complex over a wide range of
loading rates with the intention of estimating its stability for
biophysical experiments under force load.
A fundamental model for forced unbinding of receptor–li-
gand pairs was proposed by Bell and later investigated in detail
by Evans [21,22]. Here, the binding potential is characterized
by the potential depth and the potential width. While the po-
tential width (Dx) is only accessible by forced unbinding exper-
iments, the potential depth, which correlates with the natural
oﬀ-rate, can be deduced from ensemble measurements as well
[23]. In contrast to the potential width, which is assumed to
be constant in this model, the potential depth is lowered if a
force is applied to the complex. It has been demonstrated that
the Bell model predicts the rupture probability of a complex in
dependence of the applied loading rate. However, whether this
is also true or not for the high loading range has thus far not
been investigated comprehensively.
In a ﬁrst approach, we analyzed our data due to the conven-
tional assumption that Dx is constant over the whole range of
loading rates. In this way, we are able to show, that interpola-
tion of our data from the low loading range results in a natural
dissociation rate koﬀ1 = 0.015 s
1, which is in good agreement
with bulk measurements on Fv-fragments [24]. Here, we are
near equilibrium and therefore a constant Dx is reasonable.
For the high loading rate, however, we found a marked
discrepancy between our data and the approximation of
Dx = constant, which we will discuss at the end of the article.blished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic view of AFM-tip, PEG spacer, digoxigenin, anti-
digoxigenin antibody and slide.
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2.1. Slide preparation
Commercial epoxy functionalized slides (Schott, Nexterion, Mainz,
Germany) were used for covalent coupling of di-amino-polyethylene-
glycol (di-NH2-PEG, MW 6000 g/mol, Rapp Polymere, Freiburg, Ger-
many). An amount of 75 mg of di-NH2-PEG was homogeneously
distributed over the whole epoxy slide and heated at 95 C for
15 min until melting. To obtain a thin PEG layer, a second epoxy slide
was placed up side down onto the ﬁrst one. This ‘‘sandwich’’ was
heated at 95 C for 24 h. After carefully separating the slides, they were
rinsed with Millipore water several times to wash away the unbound
di-NH2-PEG and dried afterwards with N2 [25].
The NH2 functional PEG surface was then converted into a COOH
surface by covering the surface with a 200 ll solution of 2 g/ml glutaric
anhydride (C5H6O3, Aldrich) in N,N-dimethylformamide (DMF,
HCON(CH3)2, Aldrich). A second NH2 functional PEG slide was
placed onto the slide to cover it completely with glutaric anhydride.
This sandwich was incubated at room temperature for 12 h in a
DMF atmosphere. After incubation, the slides were washed with
DMF, Millipore water and ﬁnally dried in the oven. The PEG slides
with the COOH functionalized surface were stored in an Ar-atmo-
sphere until activation.
2.2. Cantilever preparation
The cantilevers (Bio-lever, Olympus, Tokyo, Japan) were cleaned in
sulfuric acid (H2SO4, 95%, Fluka, Germany) containing 17 mg/ml
potassium dichromate (K2Cr2O7, Sigma, Germany) for 10 min, then
washed in Millipore water and dried. Silanization was achieved by
keeping the cantilevers in concentrated 3-glycidoxypropyl-trimethox-
ysilane (Sigma, Mu¨nchen, Germany) for 1–2 min. Afterwards, they
were washed with toluol (Sigma, Mu¨nchen, Germany) and Millipore
water and heated at 95 C for 30 min, which ﬁnally resulted in epoxy
functionalized tips [26]. The PEG melting described previously was
also applied to the epoxy functionalized cantilevers.
For each cantilever, 50 mg of di-NH2-PEG were put in adequate
holes of a Teﬂon block and heated until melting. Now the cantilevers
were placed carefully in the liquid di-NH2-PEG drops and heated at
95 C for 12 h. Finally, the cantilevers were washed several times in
hot Millipore water and subsequently dried in the oven. As a result
of this procedure, the cantilever tips became passivated and amino-
functional.
2.3. Anti-digoxigenin antibody and digoxigenin coupling
The activation of COOH groups on the PEG glass slide was
performed with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, Sigma) and 3-O-methylcarbonyl-aminocaproic
acid–N-hydroxysuccinimide ester (NHS). For each slide, 200 ll of a
1:1 solution of 100 mM EDC and 100 mM NHS in Millipore water
were put onto the slide and covered with a thin glass cover slide.
The slide was incubated for 30 min in an H2O-atmosphere, afterwards
washed with Millipore water and dried in a stream of N2. Monoclonal
anti-digoxigenin antibody from mouse (IgG1, clone 1.71.256, Roche,
Germany) with a concentration of 100 lg/ml (in 10 mM potassium
phosphate buﬀer, 75 mM NaCl, 5% raﬃnose, 0.01% 2-methyl-
isothiazolone (MIT), pH 7.8) was spotted onto the pre-activated
COOH surface and then incubated for 1 h in H2O-atmosphere to allow
for the reaction of the amino groups of the antibody with the pre-
activated COOH groups forming a covalent bond. Finally, the slide
was washed with PBS (phosphate buﬀered saline, pH 7.4) to remove
non-covalently attached antibodies and then stored in PBS at 4 C
until use.
The cantilever tips were incubated for 1 h in 20 ll drops of the digox-
igenin-3-O-methylcarbonyl-aminocaproic acid–N-hydroxysuccinimide
ester solution (10 mM digoxigenin–NHS solved in sodium borate,
100 mM, pH 8.5), to allow for a covalent reaction with the NH2 groups
of the PEG spacer. Finally, the cantilevers were washed with Millipore
water to remove non-covalently attached digoxigenin–NHS and stored
in Millipore water at 4 C until use (see Fig. 1).
2.4. Dynamic force spectroscopy
All AFM measurements were performed at room temperature in
PBS with a homebuilt instrument [27]. Cantilevers with spring
constants of 6 and 8.08 pN/nm (A-Bio-Lever), and 50 pN/nm(B-Bio-Lever) were used. The spring constants were measured in each
experiment as described previously [28,29]. During the experiment the
retract velocity was held constant, whereas the contact time and the ap-
proach velocity were adjusted in order to obtain single binding events.
When non-speciﬁc or multiple binding events occurred, the approach
velocity was increased and/or the contact time was decreased in order
to reduce those eﬀects. In the case of infrequent speciﬁc binding events
the parameters were adjusted vice versa. Typically the approach veloc-
ity was on the order of magnitude of the retract velocity and the con-
tact time varied from 0 to 5 s.
Several hundreds of approach and retract cycles were carried out to
provide appropriate statistical signiﬁcance. For each experiment, a
broad distribution of loading rates was obtained by varying the retract
velocities between 20 nm/s and 20 lm/s [4].
2.5. Data extraction
The recorded cantilever deﬂection traces were converted into force
against extension curves (Fig. 2). Each experiment consisted of several
hundreds of force distance curves measured at one constant retract
velocity. These curves were analyzed all together to obtain both, the
rupture force (the force at which the antigen–antibody bond breaks)
and the loading rate dF/dt. The loading rate describes how much force
was applied to the bond at a certain time shortly before the rupture
Fig. 2. Force against distance curve. The values of the rupture force,
the rupture length and the loading rate were obtained from these
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Fig. 3. Most probable rupture force F\ plotted against the logarithm
of the loading rate. Each point in the diagram represents the most
probable rupture force F\ and the related most probable loading rate
dF/dt. The maximum was determined by a Gaussian ﬁt to the force
and the loading rate histogram at a constant retraction speed (black
diamonds). Two distinct regions are observed and ﬁtted with two line-
ﬁts according to Eq. (1). The low loading rate region can be described
with Dx1 = 1.15 nm and koﬀ1 = 0.015 s
1 (dashed line) and the high
loading rate region can be described with Dx2 = 0.35 nm and
koﬀ2 = 4.56 s
1 (solid line).
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[30,31]. The loading rate was determined with a line-ﬁt of the force
curve prior to rupture, according to previous studies [30,31].
2.6. Data analysis
Rupture forces and appropriate loading rates were then plotted in
two histograms for each experiment with the same retract velocity.
These histograms were analyzed in a two-step procedure. In the ﬁrst
step, the force and the loading rate histograms with the same retract
velocity were ﬁtted with a Gaussian distribution to ﬁnd the maximum
of the histograms. This was done for all measured histograms of the
diﬀerent experiments with retract velocities between 20 nm/s and
20 lm/s. The maximum values of the Gaussian ﬁts were plotted in a
force vs. logarithmic loading rate diagram.
The maximum obtained from the force histogram represents the
most probable rupture force F\




kBT  koff ð1Þ
with kB is Boltzmann constant, T is the temperature, koﬀ is the natural
dissociation rate at zero force, Dx is the potential width between the
bound and the transition state and _F ¼ dF =dt, the loading rate. A lin-
ear ﬁt of the force vs. logarithm of the loading rate according to Eq. (1)
reveals the natural dissociation rate at zero force koﬀ and the potential
width Dx for the digoxigenin/anti-digoxigenin complex.
In the second step, the force histogram was normalized to be com-
parable with the probability density function p(F) containing koﬀ and
Dx [4,30–32]














. ð2Þ3. Results and discussion
In this study we determined the energy landscape of the
digoxigenin–antibody complex in order to assess its properties
as a coupler for samples in dynamic force spectroscopy.
Rupture forces were extracted from force curves in a range
of 30 up to 63000 pN/s. The maximum of the rupture force his-
tograms was plotted against the corresponding loading rate
dF/dt (Fig. 3) in order to extract koﬀ and Dx. The diagram
shows a non-linear dependence of the force as a function of
the logarithm of the loading rate. This diagram was therefore
ﬁtted with two lines. The line-ﬁt for low loading rates (Fig. 3,
dashed line) reveals a dissociation rate at zero force of
koﬀ1 = 0.015 s
1 and a potential width of Dx1 = 1.15 nm. This
natural dissociation rate corresponds very well to the literaturevalue of koﬀ = 0.023 s
1 received from bulk measurements of
comparable anti-digoxigenin Fv-fragments [24]. At high load-
ing rates a koﬀ2 = 4.56 s
1 and Dx2 = 0.35 nm was deduced
(Fig. 3, solid line). According to Merkel [4], who investigated
the unbinding of biotin/streptavidin, the two regions corre-
spond to two barriers in the energy landscape of the complex.
Given that these values represent the energy landscape of the
anti-digoxigenin/digoxigenin interaction, it should be possible
to extract similar koﬀ and Dx values directly from the force his-
togram [31,32]. Therefore, the probability density function
p(F) of Eq. (2) should ﬁt the observed force histograms.
In order to test this assumption, we ﬁtted the probability
density function p(F) to the observed normalized last rupture
force histogram as shown in Fig. 4. The histogram in Fig. 4a
was measured at a loading rate of 120 pN/s and can be ﬁtted
with the calculated probability density function p(F) using
koﬀ1 = 0.015 s
1 and Dx1 = 1.15 nm (dashed line). For high
loading rates, the measured force histogram (loading rate of
14950 pN/s) can also be ﬁtted with the probability density
function p(F) using koﬀ2 = 4.56 s
1 and Dx2 = 0.35 nm as
shown in Fig. 4b (solid line). These two histograms at diﬀerent
loading rates describe the two regions in good accordance and
the koﬀ and Dx values are in the same range as seen in previous
studies (koﬀ: 10
3–102 s1 and Dx: 0.4–1.0 nm) [23,33,34].
The practical implication of the above ﬁndings for experi-
ments under force load can be illustrated by the following
Gedankenexperiment: A receptor–ligand complex under inves-
tigation was immobilized by the digoxigenin–antibody com-
plex. At a low loading rate of 120 pN/s the maximum of the
rupture force of digoxigenin/anti-digoxigenin is 24 pN as
shown in Fig. 4a. At a given rupture force of the complex un-
der investigation of 10 pN, the probability for bond breakage
of digoxigenin/anti-digoxigenin is still 10% compared to 100%
probability at 24 pN (dashed line in Fig. 4a). Consequently the
measurement of a force of 10 pN in a setup that uses the digox-








































dF/dt = 120 pN/s
∆x1 =1.15 nm
koff1 = 0.015 1/s
dF/dt = 14950 pN/s
∆x2 = 0.35 nm
koff2 = 4.56 1/s
dF/dt = 63000 pN/s
∆x2 = 0.35 nm
koff2 = 4.56 1/s
dF/dt = 440 pN/s
∆x1 = 1.15 nm
koff1 = 0.015 1/s
∆x2 = 0.35 nm
koff2 = 4.56 1/s
Fig. 4. Force histograms at diﬀerent loading rates dF/dt. Rupture forces are plotted in histograms (bars: a, 85 curves; b, 644 curves; c, 925 curves; d,
155 curves) and compared with the calculated probability density function p(F) (dashed line with Dx1 = 1.15 nm, koﬀ1 = 0.015 s
1, solid line with
Dx2 = 0.35 nm, koﬀ2 = 4.56 s
1).
508 G. Neuert et al. / FEBS Letters 580 (2006) 505–509the above conditions, results in a 10% rupture probability of
the aﬃnity conjugation complex and a 90% rupture probabil-
ity of the system under investigation.
Rupture of the digoxigenin–antibody coupler might lead to
low yields of force curves during the measurement or to a mis-
interpretation of the unbinding of receptor and ligand. There-
fore it is highly recommended to make use of avidity eﬀects by
using multiple complexes for immobilization instead of single
bonds [9,12,17,35].
The ﬁt of the data shown in Fig. 3 results in two diﬀerent
pairs of values for koﬀ and Dx. With these values, we are able
to ﬁt force histograms as illustrated in Fig. 4a and b above.
However, we also tried to apply this analysis to the force his-
tograms at very high loading rates and to the interception be-
tween the two line-ﬁts as seen in Fig. 3. For a loading rate of
63000 pN/s the measured force histogram (Fig. 4d) is broader
compared to the calculated probability density function (solid
line). These diﬀerences are dramatic, because the shape of the
probability density function p(F) depends heavily on the natu-
ral dissociation rate at zero force koﬀ and the potential width
Dx. For a good match of the measured force histogram and
the calculated probability function p(F) completely diﬀerent
values for koﬀ and Dx would have to be used.
The other section of interest is near the interception of the
two line-ﬁts in Fig. 3. The force histogram shown in Fig. 4c
was measured at a loading rate of 440 pN/s and compared to
two plausible probability density functions. The ﬁrst probabil-
ity density function uses the koﬀ1 and Dx1 values observed at
low loading rates (dashed line) and the second probability den-
sity function uses the koﬀ2 and Dx2 values observed at high
loading rates (solid line). It is clear that both probability den-
sity functions do not ﬁt the observed force histogram. Only by
once again using completely diﬀerent values for koﬀ and Dx,the experimental force histogram can be ﬁtted adequately.
Therefore we conclude, that the analysis based on the assump-
tion of two barriers in the energy landscape of the receptor li-
gand pair [4,30], can potentially be misleading. In particular at
the intermediate regime, large deviations occur between the
measured data and the obtained ﬁts. This indicates that per-
haps the underlying dissociation mechanism might deviate
from the simplistic two-barrier model at this region.
One reason for the misleading analysis might be the assump-
tion made in this model, that the energy wells are deep and the
distance Dx between the minima and the transition state are
ﬁxed during the applied load [4,21,30,36,37]. While this
approximation was again conﬁrmed by the close correlation
of koﬀ1 deduced from the low loading rate range with koﬀ from
aﬃnity sensor measurements, it obviously fails for higher
forces. Because, in this study, we applied large external forces,
which may alter the energy landscape of the complex dramat-
ically, the assumption of a Markovian like behavior of two dis-
tinct states may not hold true anymore.
Kramer’s theory could be an alternative to overcome the
problem, since the binding width is not assumed to be constant
in this model [38]. To give a full description of the measured
force histogram, further theoretical investigations are needed.
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